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The purpose of this research is to study the effects of neonatal 
unilateral sensorimotor cortical lesions on the cortical development of 
Long-Evans, black-hooded rats. Such cortical lesions are known to cause 
changes in motor corticofugal pathways from the unablated hemisphere, 
including the formation of a bilateral corticospinal tract (5) and bilateral 
projections to the red nucleus, superior colliculus and pons (7,8,22,30,35). 
Furthermore, microstimulation studies of the unablated hemisphere have 
shown that the motor representation for forelimb and hindlimb cortex 
relocates to a more rostral position (51). Although many studies have 
examined the effect of sensorimotor cortical lesions in the opposite 
unablated sensorimotor cortex, very little is known about the effect of this 
lesion on other sensory modalities in the unablated hemisphere. Cross-
modal effects of unilateral lesions have so far only been seen in the 
hemisphere directly affected by the lesion. 
The electrophysiological data reported here support the hypothesis 
that unilateral sensorimotor cortical lesions in the neonatal rat cause a 
rostral movement not only of the motor but also of the visual map in the 
unablated hemisphere in the adult. 
Review of the Literature 
Neuroplasticity : What is it and What is its Purpose? 
Neuroplasticity has been defined as "the ability of neurons to alter 
some functional property in response to alterations in input" (50). In this 
regard, many studies have shown that the brain can change in its structure 
and function in response to an insult. For example, an increase in the area 
of the representation zone of the median nerve in the somatosensory 
cortex has been found after sectioning of the ulnar and radial nerves in 
monkeys (55). With postnatal median nerve injury alone, however, not only 
was an increase in the radial representation observed, but also a decrease 
in the ulnar hand representation (54). Also, cutting the infraorbital nerve 
prenatally in the rat results in a reduction of the cortical representation of 
the mystacial vibrissae at the cortex and an increase in the cortical 
representation of other peripheral receptor surfaces, notably the lower jaw 
(24). Many other examples of neuroplasticity are cited below. 
Normal Brain Development of the Neonatal Rat 
At postnatal day 1 (P 1), differentiation of the neocortical layers is just 
beginning as seen in the sensorimotor cortex, with only layer I identifiable 
( 17) and cortical lamination is completed by P 14 ( 18). The corpus callosal 
fibers also continue to develop in the postnatal period. At birth callosal 
fibers crossed the mid line of the brain (56), and after 12 hours postnatally 
innervate the entire mediolateral extent of the parietal cortex ( 15). 
However, reports differ as to when callosal fibers grow into the cerebral 
cortex, especially the sensorimotor cortex. Some studies show that they do 
not enter the contralateral sensorimotor cortex until P4 or P5 ( 17 ,55). 
Furthermore, the time of callosal innervation differs for different cerebral 
cortical areas. It has been found that callosal axons invade the posterior 
neocortex at P5 (37). This delay in the innervation of the posterior cortex 
allows the geniculocortical fibres to innervate the posterior cortex at P3/4 
prior to the callosal fibres. At birth, thalamocortical afferents are already 
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within the upper cortical plate of the somatosensory cortex (48) which may 
explain the difference in time of callosal innervation between the 
somatosensory and visual cortices, with thalamocortical afferent growth 
into the cerebral cortex needing to precede the growth of callosal fibres 
into the same area. After corpus callosum transection in rats at P2 or P3, 
morphometric analysis of the primary sensory areas did not show significant 
differences with respect to cortical depth, total and apical dendritic length 
and synaptic density (59). Therefore, it appears that early in development 
the rat brain can compensate for major disruptions in the commissural 
afferent system. 
Effects of Unilateral Frontal Cortical Lesions on the Stucture of the 
Unablated Hemisphere 
Several studies demonstrate that unilateral cortical lesions affect 
both the ipsilateral hemisphere as well as the contralateral unablated 
hemisphere, suggesting that the two cerebral hemispheres are dependent 
on one another. 
Effects of Unilateral Frontal Cortical Lesions on the Structure of the Cerebral 
Cortex 
Unilateral frontal cortical lesions introduced at P2 did not affect 
cortical thickness in the unablated hemisphere (27) although functional 
recovery did correlate with dendritic morphology in both the unablated 
and ablated hemisphere (26). When lesions were intoduced at PlO, more 
dendritic spines per unit dendritic length were present at P60 then in 
animals that had the lesions introduced at Pl , with the Pl O animals 
performing better in behavioural tests. 
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Effects of Unilateral Frontal Cortical Lesions on Cortical Efferents in the 
Unablated Hemisphere 
Motor system plasticity was first demonstrated by Hicks and D'Amato 
( 14) when they showed the formation of a bilateral corticospinal tract (CST) 
from a single hemisphere following unilateral hemispherectomy in the 
neonatal rat. Subsequent work in the neonatal rat showed that smaller 
sensorimotor cortical (SMC) lesions would also induce the formation of an 
ipsilateral corticospinal projection (5,8,38,43), and these ipsilateral 
pathways have been suggested to restore some degree of function to the 
ipsilateral limbs (2,6). Such SMC lesions were performed on postnatal day 
two (P2), a time when the decussating fibers in the medulla are still less 
ordered, with a few fascicles or single fibers seen charting abnormal 
courses away from the principle bundles (45). The adult configuration 
develops beginning on P3 (46). When SMC lesions were introduced at later 
ages, after the CST fibers were fully decussated at the medulla, the CST 
axons innervated the gray matter of the spinal cord bilaterally by recrossing 
at spinal cord levels rather than by forming bilateral descending tracts (45). 
The formation of a bilateral corticofugal pathway is not only 
restricted to the CST, but aberrant bilateral projections to the red nucleus, 
superior colliculus, pons and thalamus (7 ,8,22,30,58) have also been 
observed after unilateral cortical lesions in the newborn. Further work 
showed that microstimulation of the unablated hemisphere after unilateral 
cortical lesions in the neonate elicited ipsilateral limb movements in the 
adult at stimulus threshold currents lower than those needed to elicit the 
same movements in adult animals after cortical lesions and unoperated 
controls (21). Disruption of the low-threshold ipsilateral movements by 
medullary pyramidotomy suggested that these movements were 
mediated by the anomalous ipsilateral corticospinal tract fibers which 
traverse the medullary pyramid (23). 
Unilateral SMC lesions have also been shown to cause a change in 
the topography of the rodent motor cortex. Mapping studies of the 
cerebral cortex in normal rats (36) demonstrated that the hindlimb area 
occupies a region immediately caudal to bregma. After neonatal 
unilateral SMC lesions the unablated hemisphere showed an anterior shift 
of the motor representation such that both the forelimb and hindlimb areas 
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were located rostral to bregma (51). Furthermore, the cortical area caudal 
to bregma which normally represented hindlimb motor cortex was 
completely unresponsive to microstimulation. 
Subsequent behavioural studies examined the role of the aberrant 
ipsilateral corticospinal tract in behavior. A head-on placing task of adult 
rats demonstrated a recovery of deficits induced by unilateral 
sensorimotor cortical lesions in both adult and neonatal rats (6). However, 
secondary lesions of the unablated hemisphere revealed deficits in using 
both forelimbs in those sustaining unilateral cortical lesions as neonates, 
whereas animals with adult lesions showed a deficit only in using the 
contralateral limb. Therefore, the formation of a bilateral corticospinal 
tract may be responsible for recovery of function after neonatal lesions (2). 
For the adult, however, apparently the mechanism for recovery of function 
is different as suggested by further experiments Rats that sustained 
unilateral sensorimotor cortical lesions as neonates showed no preference 
for either left or right forelimb in a motor task that involved grasping a food 
pellet, but mature rats that sustained unilateral sensorimotor cortical lesions 
as an adult showed a preference for the forelimb ipsilateral to the cortical 
lesion. These findings indicate the presence of a bilateral corticospinal 
tract in animals that had sustained the cortical lesion as neonates and that 
it was functional for both forelimbs 
Effects of Unilateral Frontal Cortical Lesions on Cortical Afferents in the 
Unablated Hemisphere 
Not much work has been done on changes in cortical afferents in 
the unablated hemisphere following a unilateral sensorimotor cortical 
lesion. However, in one study found (49) injection of the unablated 
hemisphere with a retrograde tracer in adult rats that had sustained the 
above lesions at Pl and P30 resulted in labelling only of the ipsilateral 
thalamus , and th authors speculated that death of thalamic neurons after 
neonatal removal of their normal cortical target could be due to their 
failure to sprout into the opposite cortex because that cortex was already 
innervated by the remaining thalamus at birth. 
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Effects of Lesions on Cerebral Cortical Topography 
Most studies on the effects of unilateral sensorimotor cortical lesions 
on cerebral cortical topography have examined the effect of lesions on 
changes within one modality in different age groups. 
lntramodal Effects of Lesions in the Neonate 
Changes in the somatosensory maps deprived of peripheral 
influences in early development have been observed. Cutting the infra-
orbital nerve prior to birth in rats results in a reduction of the cortical 
representation of the mystacial vibrissae and an increase in the cortical 
representation of other peripheral receptors, most notably from the lower 
jaw (24). 
lntramodal Effects of Lesions in the Adult 
For the motor cortex, it has been found that when areas of the 
primary motor cortex are disconnected from the periphery following a 
motor nerve transection in adult rats, these same areas then start to 
control the movements of different muscle groups ( 12). This is an orderly 
reorganization and not random, since only those muscle groups in adjacent 
areas become represented. This reorganization is evident within hours so 
new axonal growth and formation of new synaptic connections is unlikely. 
Rather there could be a change in efficacy of already existing pathways 
and synapses. The same type of phenomenon has been found for those 
areas representing the median (54) and radial and ulna hand (55) after 
injury to the respective nerves in adult monkeys. A model of intracortical 
connectivity has been proposed in which the organization of the cortical 
motor map is regulated by inhibitory local circuit neurons ( 16). Using the 
GABA antagonist bicuculline methobromide and injecting it into the 
forelimb area of the primary motor cortex in adult rats, forelimb muscle 
activity was recorded when a point in the adjacent vibrissae area was 
stimulated. When injection was terminated, the vibrissae site no longer 
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caused forelimb movements. Whether this mechanism applies to neonatal 
lesions remains to be determined since the latter effects are only tested at 
least 3-4 months later. It would be necessary to test functional changes 
very shortly following neonatal lesions and again after a few hours if 
technically possible. 
Cross-modal Effects of Lesions 
A cross-modal effect refers to changes in one modality (e.g., motor 
system) in response to perturbations (e.g., a lesion) of another modality 
(e.g., visual system). Examples of this effect are relatively few and primarily 
involve the visual system. Following monocular enucleation in the neonate, 
somatosensory responses could be recorded within the visual cortex 
contralateral to the enucleated eye, thereby demonstrating the expansion 
of one sensory modality at the expense of another (51). In further work, 
binocular enucleation resulted in an increase in receptive fields of the 
barrel cortical cells (53), as well as an expansion in the areas of the cortical 
barrels (4). Also, auditory cortex neurons show an increased spine density 
after bilateral enucleation (46). Another example of a cross-modal effect 
was found following a bilateral lesion of the visual cortex in the adult rabbit 
( l). The changes in this case were found in the motor cortex. Three 
different types of cells were recognized in the normal rabbit motor cortex, 
based on when they were activated during a learning task, including 
movement of a particular part of the body (M), seizing and/or grinding 
food (S), and the behavioral phases of the learning process (L). It was 
found that the number of S units decreased, while the number of L units 
doubled. A unique example of a cross-modal effect has been 
demonstrated by ablating the superior colliculus and the lateral geniculate 
nucleus in the neonatal ferret to induce developing retinal afferents to 
form connections with the medial geniculate nucleus (44). In the adult, 
receptive field properties of visual cells in the rewired auditory cortex bore 
similarities to visual cortical cells recorded in the visual cortex of normal 
ferrets. Therefore, cortical neurons are by no means hard-wired to their 
modalities but are influenced by their afferent projections. 
7 
Cross-modal effects are also seen at the subcortical level, 
particularly at the level of the superior colliculus (34). Ablation of the right 
eye and right superior colliculus in the neonatal hamster resulted in an 
increase in the number of cells with receptive fields that extended onto the 
ipsilateral side of the body in the somatosensory representation in the deep 
tectal laminae of the left superior colliculus in the adult. 
Review of Methodology of Visual Evoked Potentials (VEPs) in Rats 
The technique for studying VEPs operates on the principle that the 
visual signal recorded at the brain surface will always occur at exactly the 
same time after the visual stimulus. A trigger signal synchronizes stimulus 
presentation and data collection of EEG (Electroencephalogram). A 
second flash produces another EEG sample which is added to the previous 
sample, the two are averaged and so on. Any activity not related to the 
visual stimulus will not be time locked and will cancel out in the averaging 
process, leaving a characteristic wave form which represents the mass-
action response of the recorded area of the visual cortex to the light 
(Fig. l ). Conventionally, up to l 00 responses are averaged together to 
define the VEP. This procedure is usually carried out in an otherwise dimly lit 
room, so that the flashing light can exert its maximum effect. 
VEPs have been used to map the visual cortex functionally in several 
studies. The hemispheric distribution of the flash VEPs were found to cover 
a larger area of the cerebral cortex than that obtained with patterned 
VEPs (39). Patterned VEP responses were recorded 3.5mm-8.0mm posterior 
to bregma and l. 7mm-5.5mm lateral to the sagittal suture. No difference 
was observed between monocular or binocular stimulation, and this is 
expected, since in rats the optic system is a predominantly crossed one, 
and therefore the visual cortex ipsilateral to the stimulated eye receives 
minimal input. However, some ipsilateral cortical responses have been 
found using monocular stimulation, and these responses were dependent 
on the position of the light source relative to the blind axis of the rat and to 
the position of the reference electrode. Persistence of these responses 
after cutting the posterior commissural fibers and ipsilateral optic tract 
suggested that they were in fact volume conducted responses from the 
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other hemisphere (39). These small ipsilateral VEP responses have also 
been found in other studies (52). 
The shape of the flash VEP responses obtained was found to vary in 
different studies. It either consisted of an initial positive (Pl) and then a 
negative peak (Nl), designated as a Pl Nl waveform (52), or a 
Pl N l P2N2P3N3 waveform (13), or an N l P2N2 waveform (39). The 
response depends on the laboratory conditions, including light intensity of 
the stimulus, background illumination, and level of anesthesia. Therefore, 
any laboratory using evoked potentials needs to establish their own normal 
values. The actual methodology of recording VEPs in our laboratory is 
derived from a combination of the protocols used by Onofrj in 1982 and 
Boyes in 1983 and is explained in more detail in the procedure section. 
Review of the Possible Mechanisms of General Cortical Plasticity 
Considerable work has been devoted to understanding mechanisms 
involved in cortical plasticity. That competition for synaptic space is not the 
only mechanism has been shown with postnatal median nerve injury, where 
not only was there an increase in the radial hand representation in the 
sensorimotor cortex of a monkey, but also a decrease in the ulnar hand 
representation (54). Since the ulnar and radial hand representations are in 
widely seperated areas of the somatosensory cortex, a mechanism that 
involves more than simple competition between adjacent representation 
zones must be involved. When areas of the primary motor cortex were 
disconnected from the periphery in the adult rat with the transection of the 
facial nerve in rats, these areas then started to control the movements of 
different muscle groups ( 12). That area of the motor cortex that controlled 
the vibrissae before the transection could control forelimb movements 
afterwards. However, this reorganization was orderly, representing only 
those in adjacent areas. This reorganization was evident within hours, and 
so argues against the possibility of new axonal growth and the formation of 
new synaptic connections. Rather, there was probably a change in the 
efficacy of already existing pathways and synapses. 
Further evidence for the involvement of preexisting pathways came 
when using the GABA antagonist bicuculine methobromide (bic) (16). The 
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study proposed a model of intracortical connectivity in which the 
organization of the cortical map is regulated by inhibitory local circuit 
neurons. Bic was injected into the forelimb area of the primary motor 
cortex of an adult rat, and recordings were made at a point in the 
adjacent vibrissae area where vibrissae movements could only be elicited 
with stimulation before bic application. After bic application, however, this 
point could elicit both vibrissae and forelimb movements. An attempt to 
look at the specific patterns of these intrinsic connections between 
representation zones in the rat motor cortex has been attempted (57). 
Injections of anterograde tracers were made into the vibrissae region, 
adjacent forelimb region, and at the border between the two. The labeling 
of axons within each of the two regions of the axons was restricted within 
the boundaries of the representation zones. But with injection at the 
boundary, axons were labeled that distributed radially into both zones. 
These labeled axons were believed to originate from pyramidal neurons in 
layers II-VI. So axons from different cell groups appear to overlap, with 
some groups restricted to zones, and others to borders. 
While these intracortical connections are not well characterized, 
axonal collaterals of pyramidal cells (57) or arbors of thalamocortical axons 
(20,31,32) may be involved, or involve mechanisms that cause changes 
beyond the extent of arborization of individual neurons (41). These latter 
changes may be due to small changes at the brainstem level, which would 
then be represented over a larger area at the cortical level. The possible 
neural mechanisms of compensatory plasticity has been reviewed 
elsewhere (42) and may involve axonal sprouting of intrinsic connections 
( 11). One of the contributing mechanisms thought to occur to result in 
these plastic changes is an increase in dendritic arbor and dendritic spines 
in the homotopic area of the unablated hemisphere. These effects were 




MATERIALS AND METHODS 
Animals 
A total of 27 Long-Evans, black-hooded rats were divided into 3 
groups: 7 adult animals sustaining unilateral SMC lesions as neonates, 6 
adult animals sustaining unilateral occipital cortical (OC) lesions as 
neonates and 14 non-lesion control adult animals . 
Neonatal Surgery 
Pups at two days of age were anesthetized by hypothermia . Using a 
dissecting microscope and microsurgical techniques, the scalp was 
incised, the skull opened and either the sensorimotor or visual cortical area 
was aspirated unilaterally with gentle suction. The skull flap was then 
replaced and the skin sutured. The pups were warmed under an 
incandescent lamp, returned to their mothers until weaning, and then 
housed individually. Control animals were anesthetized by hypothermia, 
then warmed under an incandescedent lamp and returned to their 
mothers. 
Flash Visual Evoked Potentials (VEPs) 
At 3-6 months of age, rats were anesthetized with ketamine 
hydrochloride (lOOmg/kg) and xylazine (4mg/kg), administered 
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intraperitoneally. Atropine (160µg/kg) was also administered 
intraperitoneally as a one time dose to prevent pulmonary edema. During 
the procedure, supplemental doses of ketamine HCI (40mg/kg) were given 
as needed. The rat was secured in a stereotaxic frame, the scalp covered 
with Xylocaine (5%) ointment, and the skin incised longitudinally along the 
midline. The cisterna magna was opened to allow the escape of 
cerebrospinal fluid to reduce the pulsatility of the brain surface. A screw 
reference electrode was placed 2mm rostral and to the right of bregma. 
The area of skull between the coronal and lambdoid sutures was removed 
with some of the frontal bone. Throughout the experiment, the surface of 
the brain was intermittently moistened with physiological saline to prevent 
drying. A needle ground electrode was inserted into the tail. The active 
electrode was a stainless steel electrode 0.2mm in diameter that was 
placed on the surface of the dura. 
The visual map of the unablated hemisphere was usually recorded 
using contralateral eye stimulation. However, additional work is also 
presented using ipsilateral eye stimulation of the unablated hemisphere 
and recordings from the lesioned hemisphere using both types of 
stimulation. The light from a Volpi lntalux 6000- l was directed through a 
fiber-optic tube and a focusing lens to a uniblitz shutter controlled by a Tl 32 
Shutter Driver/Timer (Vincent Assc.). The shutter output was transmitted 
through a fiber optic tube to the test eye. The other eye was exposed to 
constant low background illumination. Stimulus flashes were delivered at a 
frequency of l Hz, with an exposure time of 151 ms and a delay of 900ms. 
Responses were differentially amplified (0. l-200hz), averaged (N=lOO), and 
stored using a Nicolet Pathfinder signal averaging system. The recording 
electrode was moved systematically in l-2mm steps to define the 
boundaries of the visual cortex. At each point, recordings were made two 
to six times and results superimposed to determine the reproducibility of the 
response. The boundary was defined as the point where no reproducible 
signal was obtained. Where maximal responses were recorded, the 
recording electrode was moved at 0.5mm steps around this area. 
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lntracortical Microstimulation 
After VEP recording the dura mater was carefully incised and 
displaced both laterally and medially to expose the underlying brain. A 
glass coated sharpened tungsten wire with a l OOµm non-coated tip was 
used as the stimulating electrode. The electrode was placed into the 
cerebral cortex at a depth of l .7mm and lOOµA of direct negative current 
was applied through the electrode as a 300msec train of 250µsec pulses at 
300 Hz (36), using the Grass S48 stimulator by way of a photoelectric 
stimulus isolation unit (Grass Instrument Co.). Limb movements were 
observed and recorded for each stimulation point. Microstimulation was 
carried out at l mm divisions from the midline and began lateral to bregma. 
Stimulations were delivered at l mm inteNals in a rostral to caudal direction 
and terminated when two adjacent stimulation points gave no response. 
Only the caudal area of the motor cortex was mapped. 
Tissue Collection and Preparation 
After the electrophysiological studies were completed, the rats were 
injected with an overdose of sodium pentobarbital (84mg/kg) and 
perfused intracardially with a formaldehyde fix solution (l .3%). The brains 
were removed, postfixed, cryoprotected and stored at-700C, then 
sectioned coronally or sagittally at 40µm on a cryostat. Transverse sections 
of the brainstem and coronal sections of the brain were stained with the 
Kluver method (25). Sagittal sections of the brain were stained either with 
the Kluver method or with toluidine blue (9). 
Data Analysis 
The VEP maps in the following figures were made by first normalizing 
the VEP amplitudes obtained , expressing each as a percentage of the 
response maxima for each rat. The values were thenaveraged together 
at each point on the cortical surface relative to bregma. The averaged 
results for each point were used to plot a contour map joining points of 
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equal amplitude (Trimetrix Axum Program). The experimental results were 
statistically compared to ice controls using two parameters: ( 1) The rostral-
caudal position relative to bregma at which reproducible VEP responses 
could no longer be obtained as recordings were made progressively 
further from the response maxima, and (2) the rostral-caudal position 
relative to bregma of the response maxima. The values obtained were 
compared using an unpaired two-tail t-test (Microsoft Excel software 
version 4.0). For the motor maps, each point of the motor cortex 
represented in the following diagrams shows the movement on 




Electrophysiological Analysis of Control Rats 
Three major peaks, an initial positive deflection (Pl), followed by a 
negative deflection (N), and then a second, broader positive deflection 
(P2), were observed in the VEP response in normal rats (Fig. lA). As the 
electrode moved away from the response maxima additional peaks 
usually appeared. To measure VEP amplitude we noted the latency at 
which the maximum amplitude response occurred, and then in subsequent 
VEPs elsewhere in the cortex of the same hemisphere the amplitudes of the 
peaks closest to this latency were measured. The amplitude noted in our 
studies was B-P l since it was easier to measure as one progressed away 
from the maximum. This can be seen from Fig. l d, where N and P2 cannot 
be discerned from the surrounding noise. We chose a window in which to 
accept peaks, and any peaks beyond+/- 20ms of that found at the 
maximum were disregarded. Table l shows the range of normal values of 
the Pl absolute latency and B-Pl amplitude. There was no significant 
difference between contralateral and ipsilateral eye stimulation. 
When recording from the hemisphere contralateral to the stimulated 
eye, the boundary of the area from which reproducible responses could 
be obtained ran rostro-laterally, with its maximum rostral extent at 3mm 
caudal to bregma (Fig. 2A, 5% line). The response maxima were located 
-6mm caudal to bregma and -3.5mm lateral to bregma. VEPs recorded 
from the hemisphere ipsilateral to the eye being stimulated were more 
variable in amplitude and on average gave responses of lower amplitude 
at a particular point. 
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Table 1.- Comparison of VEP Results From Normal Rats Using Contralateral 
and lpsilateral Eye Stimulation With Respect to the Hemisphere Recorded 
Latency (ms) 
Contralateral Eye Stimulation (n=8) 108.0 +/-24.20 




Notes: Latencies are expressed as the mean+/- standard deviation, and 
the amplitude as a range, and are the values obtained at the response 
maxima for each hemisphere. There was no significant difference in 
latency and amplitude between the two types of stimulation, using a 5% 
significance level. For latency an unpaired two-tail t-test was used, and for 
amplitude a Mann-Whitney two-tail U-test. 
The caudal area of the motor map represented by hindlimb and 
forelimb movements evoked by intracortical microstimulation extended 
back to 3.5mm caudal to bregma and 0.5-3.5mm lateral to the midline, 
with a small area within the region mapped showing forelimb responses. 
No effort was made to define the rostral border of the motor cortex. This 
agrees with previously published results (36,50). 
Analysis of the SMC Lesions 
The typical location of a SMC lesion is presented in Fig 3A. Most of 
the sensorimotor cortex is absent, with the underlying structures still intact. 
In all cases the caudate-putamen and the hippocampus and fimbrae 
were present (Fig. 3B). In some specimens, the rostral part of the occipital 
cortex and part of the alveus of the hippocampus were absent. Atrophy 
of the corresponding pyramidal tract (Fig. 3C) indicated completeness of 
the sensorimotor cortical lesion. Fig. 4A superimposes the outlines of the 
SMC lesions. 
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Electrophysiological Analysis of Rats with SMC Lesions 
Fig. 2B shows the average results of VEPs and microstimulation 
responses in the SMC lesioned rats, with the unablated hemisphere 
recorded during contralateral eye stimulation and the lesioned hemisphere 
during ipsilateral eye stimulation. In the unablated hemisphere, the motor 
map has shifted 2mm rostrally and has increased in width, extending from 
0.5mm to 4.5mm from the midline. Using contralateral eye stimulation, the 
5% line of the visual map in the unablated hemisphere spread rostrally by up 
to 4mm. The location of the maximum amplitude moved only minimally 
rostrally to 5.5mm caudal to bregma; nonetheless this was significant ( t=2.7, 
p<0.01). 
To compare the visual maps obtained in normal and lesioned 
animals, we measured the boundary position at which a reproducible VEP 
was no longer obtained as the electrode position was moved rostrally from 
the response maxima and we also measured the rostral-caudal position 
where the maximal response was obtained (Table 2 and Fig. 2). When 
recording from the unablated hemisphere using contralateral eye 
stimulation, significant differences were obtained at 3mm lateral to 
bregma. The maximum point shifts significantly rostrally but less than the 
border. 
A comparison can be made between the unablated hemisphere of 
the SMC lesioned and normal animals by comparing the 5% boundaries of 
the visual maps for each rat and superimposing them on the same map 
(Fig. 2C). The results from the lesioned animal are seen to be scattered 
more rostrally then those from the normal animals, with some overlap. 
When the ablated hemisphere was looked at using ipsilateral eye 
stimulation, we observed that VEP responses also showed a significant 
rostral shift at 3mm and 5mm lateral to the midline (Fig. 2B and Table 2), with 
the response maxima also showing some shift rostrally. The results from the 
normal rats (Fig. 5) show no correlation between contralateral and 
ipsilateral eye stimulation (r2=0. l 4) as far as the position of where VEP 
responses were no longer recordable are concerned. When similar results 
obtained as in Fig. 2B from three SMC lesioned rats were plotted, they all lay 
on a perfect straight line (r2= 1.0), showing perfect correlation. 
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When the unablated hemisphere was recorded using ipsilateral eye 
stimulation (Fig. 2D) significant rostral shifts of the visual map were seen at 
3mm lateral to bregma, with no change in the position of the maximum 
response. Recording from the ablated hemisphere using contralateral eye 
stimulation revealed a significant difference with a rostral shift of the visual 
map and a shift in the maximum point. 
Analysis of the Electrophysiological Studies from OC Lesioned Rats 
The visual cortex in the unablated hemisphere was also mapped in 
adults that sustained unilateral OC lesions as neonates. The outlines of all 
the OC lesions superimposed on one outline of the mature rat brain are 
shown diagramatically in Fig. 48. The VEPs from the OC lesioned animals 
were found not to differ significantly from normal , both in the boundary of 
the visual cortex and the position of the response maxima (Fig. 6). Fig. 6A 
shows the results from all six OC lesioned rats. When the 5% boundaries 
from each of the rats were drawn, we noticed one animal where the 
boundary extended as far as 2mm rostral to bregma (Fig. 68). When this 
outlier was removed from the overall result (Fig. 6C), the results still showed 
no significant difference from normal. This lesion is indicated by a dotted 
line in Fig. 48. When coronal sections of this brain were taken, the lesion 
was seen to interfere with fibers running through the splenium of the corpus 
callosum (Fig. 7). 
Histology of the Visual and Motor Maps in Normal and SMC Lesioned Rats 
When sagittal sections of the brains from one normal and the 
unlesioned hemisphere of one SMC lesioned rats were compared (Fig. 8), 
no difference was seen in the histology of the sections, despite the 
functional shift of the border between visual and motor cortex. As can be 
seen from Fig. BA, the visual responses end -2mm rostral to the 
cytoarchitectural border between the visual and sensory cortices in a 
hemisphere from a control rat. When the unablated hemisphere from an 
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Table 2.-Summary of the statistical analyses comparing the rostral borders 
of the visual maps of lesioned rats and their VEP maxima to controls using 
contralateral eye stimulation. 
(a) SMC lesioned brain, unablated hemisphere 
Lateral to Mean rostral border Control t p 
midline (mm) +L- standard deviation values value value 
l -2.50+/- l .73 -4.00+/- l .26 1.34 >0.05 
3 -0.57 +/-1.51 -2.57+/-0.65 3.35 <0.01 
5 -1.80+/- l .3 -2.25+/- l .86 0.57 >0.05 
Maxima -4.86+L-0.9 -5.93+L-0.76 2.7 <0.05 
(b) SMC lesioned brain, ablated hemisphere 
Lateral to Mean rostral border Control t p 
midline (mm) +L- standard deviation values value value 
3 -2.25+/-0.5 -2.57+/-0.65 7.62 <0.001 
4 -0.75+/-0.5 -2.50+/-0.76 4.6 <0.001 
Maxima -4.50+L- l .O -5.93+L-0.76 2.65 <0.05 
(c) OC lesioned brain 
Lateral to Mean rostral border Control t p 
midline (mm) +L- standard deviation values value value 
l -3.25+/- l .26 -4.00+/- l .26 0.92 >0.05 
3 -2.20+/-0.84 -2.57 +/-0.65 0.89 >0.05 
5 -2.25+/-0.96 -2.25+/- l .86 0.0 >0.05 
Maxima -5.50+L- l .4 l -5.93+L- 0.76 0.65 >0.05 
Note: Studies from lesioned animals were compared to control results using 
an unpaired two-tail t-test. 
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Table 3.-Summary of the statistical analyses comparing the rostral borders 
of the visual maps of lesioned rats and their VEP maxima to controls using 
ipsilateral eye stimulation. 
(a) SMC lesioned brain, unablated hemisphere 
Lateral to Mean rostral border Control t p 
midline (mm) +L- standard deviation values value value 
-6.33+/- l .53 -6.40+/- l .95 0.06 >0.05 
3 -3. 50+ /- l . 7 3 -6. l 7+/-1.83 2.34 <0.05 
5 -6.33+/-0.58 -6.40+/- l .52 0.09 >0.05 
Maxima -6.25+L-0.5 -6.60+L- l .52 0.48 >0.05 
(b) SMC lesioned brain, ablated hemisphere 
Lateral to Mean rostral border Control t p 
midline(mm) +L- standard deviation values value value 
l -2.67+/-2.08 -6.40+/- 1.95 2.51 <0.05 
3 - l .00+/-1.22 -6. l 7+/-1.83 5.59 <0.001 
5 -3.67+/-2.08 -6.40+/- l .52 1.98 >0.05 
Maxima -4.50+L- l. l 2 -6.60+L- l .52 2.49 <0.05 
(c) OC lesioned brain 
Lateral to Mean rostral border Control t p 
midline (mm) +/-standard deviation values value value 
l -6.33+/- l. l 5 -6.40+/- l .95 0.06 >0.05 
3 -5.60+/- l .34 -6. l 7+/-1.83 0.60 >0.05 
5 -5.80+/- l .10 -6.40+/- l .52 0.72 >0.05 
Maxima -6.25+L-0.96 -6.60+L- l .52 0.42 >0.05 
Note: Studies from lesioned animals were compared to control results using 
an unpaired two-tail t-test. 
SMC lesioned animal is looked at (Fig. 8C), the visual responses end -6mm 
rostral to this border. 
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CHAPTER4 
DISCUSSION AND CONCLUSION 
Summary of the Results 
Our results indicate that functional visual cortical topography shows 
a reorganization in both the ablated and unablated hemispheres of mature 
rats following unilateral neonatal SMC lesions. This change was not 
accompanied by a histological alteration in the cytoarchitecture of the 
cerebral cortex based on Nissl stain analysis. Furthermore, such a 
reorganization was not apparent with unilateral neonatal OC lesions. 
A Comparison of our Results to Past Findings 
Possible Mechanisms of Neuroplasticity 
Our observation that the functional visual topography showed a 
reorganization without an apparent change in cytoarchitecture of the 
cerebral cortex supports the theory that changes in cortical topography in 
response to cortical lesions are due to latent intracortical connections 
becoming functional (16,42). One can consider the cerebral cortex as 
being in equilibrium in that, while some neurons remain active in response to 
excitatory neurotransmitters, others remain latent. A lesion in one part of 
the cerebral cortex, or of afferents and efferents of the cerebral cortex, 
may upset this equilibrium. One may therefore envision a scenario whereby 
the cerebral cortex, while trying to compensate for the lesion, somehow 
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shifts the balance between inhibition and excitation in the cerebral cortex, 
allowing latent connections to now become functional. 
We need, however, to explain the observed phenomenon of why 
unilateral SMC lesions, and not OC lesions, cause the above changes. Our 
observation that a unilateral OC lesion with a disruption of the corpus 
callosum causes a reorganization of the visual cortex in the unablated 
hemisphere would indicate that the corpus callosum plays some role. In 
our review of the literature on normal development of the rat brain (see 
section 2.2.) we discovered that at the time of our neonatal lesions at P2, 
the SMC is innervated by callosal fibres, whereas the OC has yet to recieve 
these fibres. We therefore propose the following theory as to the 
difference, as depicted in figure 9. The destruction of callosal fibres running 
from the ablated to the unablated hemisphere would not be responsible 
for the changes seen, since these would be involved in both the 
sensorimotor and all the occipital cortical lesions (Fig. 9). However, the 
callosal fibres running from the unablated to the ablated hemisphere would 
not be affected by occipital lesions since the fibres have not yet 
innervated the visual cortex, although they would be affected by that 
occipital lesion located in the posterior midline location. This hypothesis 
would need further work to verity since our work has not attempted to find 
the mechanisms of these changes. The loss of callosal cell bodies may 
therefore lead to the above changes in the neurotransmitter pool in the 
cerebral cortex. Furthermore, direct projections from the visual cortex to 
the medial area of the primary motor cortex (33) may also influence the 
movement of the visual with the motor cortex. Therefore a change in the 
topography of either the visual or motor cortex could influence the other 
through these interconnections. 
Earlier work showed that cutting the corpus callosum does not 
change the cytoarchitecture of the cerebral hemispheres (59) and so a 
loss of callosal activity may contribute to the above changes. If we had 
seen a change in cytoarchitecture in our brain sections, then a mechanism 




Different forms of neuroplasticity have been reported in the literature 
ranging from within one modality to between modalities 
(5,7 ,8,22,24,38,43,53,54). From our work it appears that with unilateral 
lesions, the unablated hemisphere will only respond to the lesion if the 
corpus callosum is involved. We believe that these different forms of 
changes perhaps operate with the same mechanism but on different 
levels. For example, the lowest level is demonstrated when areas of the 
primary motor cortex are disconnected from the periphery following a 
motor transection in adult rats, and these same areas then start to control 
the movements of different muscle groups ( 12). Observing these changes 
just in the motor cortex indicates that the neurotransmitter pool may be 
controlled at a local level. With larger lesions of the cortex, as in our study, 
higher levels come into play since now the whole motor cortex is involved. 
We therefore have what appears to be tiers of influence of CNS 
lesions on cortical topography. The first tier is shown by changes within a 
single modality. The second tier is shown by cross-modal changes within 
the same hemisphere. The third tier is shown by intramodal changes that 
manifest in the unablated hemisphere. Finally, we have the tier where 
cross-modal changes are shown in the unablated hemisphere. As one 
goes up this tier system, more of the cerebral cortex is involved in the insult 
to the CNS. 
Plasticity of the Optic Pathway 
In normal rats the anterior borders of the visual maps of ipsilateral 
and contralateral eye stimulation did not correlate when stimulating the 
same eye (Fig. 9). This seems to argue against the ipsilateral responses 
being volume-conducted responses from the contralateral hemisphere, as 
has been claimed elsewhere (40); we would expect a larger ipsilateral 
response with a larger contralateral response if this was the case. The 
results from the SMC lesioned animals, however, correlated perfectly. We 
can hypothesize from this that in normal rats the ipsilateral pathway can 
generate VEPs, but not consistently. These responses are variable since it 
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depends on how much the ipsilateral pathway is left after retraction during 
development (28,29). In the SMC lesioned rats, the ipsilateral pathway may 
be more persistent either due to failure to retract, or by the formation of 
atypical uncrossed branches at the optic chiasm ( l 0). This aberrant 
pathway development would depend on how much influence the 
unilateral SMC lesion has on the visual cortex, which then manifests in both 
hemispheres. Further work is needed to verify the above hypothesis. The 
persistence or formation of the ipsilateral optic pathway has been shown 
with many brain lesions, such as neonatal enucleation (l 0, 19,28,29) and 
with neonatal optic tract lesions (40). 
Future Work 
We have examined the effects of unilateral SMC lesions on the visual 
system, but other modalities may also be examined in the same way. The 
somatosensory cortex may be mapped using short latency somatosensory 
evoked potentials by stimulating the median or ulna nerve at the wrist, and 
the tibial nerve at the ankle. Also, we have speculated that the difference 
in the results seen between SMC and OC lesioned animals was that the 
occipital cortex at the time of the lesion (P2), was not yet innervated by 
callosal fibres. To test this, we can introduce the OC lesions at P7, a time 
when the occipital cortex will have its innervation of callosal fibers. The 
results should then be the same as for the SMC lesions if we are correct. 
We may also do the above by introducing lesions in the adult and see if the 
effects are as pronounced. We looked at the effects of our unilateral SMC 
lesions after three months. But it may be possible that the changes may 
commence even hours after the lesion, and a time course study would also 
be informative as to the mechanism of the changes. The involvement of 
the corpus callosum may be tested by cutting the corpus callosum at the 
midline at P2 instead of introducing unilateral lesions. We may also look to 
see if the afferent connections of the cortex to the thalamus have 
changed in any way by injecting retrograde tracers into the newly 
postitioned visual cortex. Finally, if we believe the assumption that 
neuroplasticty occurs to allow the organism to survive amongst the. fittest 
with a CNS insult, has the visual system in the rat been enhanced in some 
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way with the reorganization of the visual cortex we obseNed. Further 
experiments can test the visual acuities of our lesioned animals or their 
reflexes to visual cues. 
Conclusion 
We have shown a change in cortical visual topography in the 
unlesioned hemisphere in the adult rat following a unilateral sensorimotor 
cortical lesion in the neonate. The rostral movement of the visual cortex 
appeared to parallel that of the motor cortex. This functional plasticity was 
not accompanied by any change in the cytoarchitecture of the cerebral 
cortex. These results are a further demonstration of the capacity for the 






Figure l . A comparison of VEPs obtained at different points on one 
hemisphere in a normal rat using contralateral eye stimulation. a VEP from 
near the response maxima. Two trials from the same point on the cerebral 
cortex are shown superimposed, showing the reproducability of the 
response. The arrow indicates the time at which the flashing light is 
presented to the rat's visual field. The vertical bar represents 50µ V and the 
horizontal bar 30ms. B=baseline point, Pl=first positive peak, N=negative 
peak and P2=second positive peak, sweep=300ms. b-e Responses 
obtained from positions progressively more rostral then a ( l mm intervals), 
until no reproducible response was recorded at e. Pl in a is the point of 
maximum amplitude (at 51.2ms), and the amplitudes of the remaining 
responses were taken from the baseline to the first positive peak that had a 










Figure 2.Visual and motor maps of control and SMC lesioned rats 
(A) Representation of the visual and motor map of control rats. The terms 
contralateral and ipsilateral refer to the orientation of the hemisphere with 
respect to the eye being stimulated during VEP recording. The visual map is 
represented by the continuous lines, and the percentages are that of the 
maximum response obtained in each rat in the contralateral hemisphere. 
The lines pass through points of equal percentage values, with the 5% line 
shown in bold. The contralateral visual map is the average result of 
fourteen rats, and the ipsilateral visual map the average result of six rats. 
The motor map, represented by the discontinuous line, was determined 
using microstimulation and shows the maximum extent of responses 
obtained from the results of four rats. (B) Representation of the visual and 
motor maps of mature rats that had sustained unilateral sensorimotor 
cortical lesions as neonates. The contralateral visual map is the average 
result of seven rats and the ipsilateral visual map the average result of five 
rats. The motor map shows the maximum extent of recordable responses 
from the results of six rats. (C) The 5% boundaries of the visual maps of 
normal (solid line) and SMC lesioned rats (dashed line) using contralateral 
eye stimulation of each of the rats tested are shown. The results from the 
lesioned animal are from the unablated hemisphere. (D) The eye 
contralateral to the lesioned hemisphere is stimulated. H=hindlimb area, 
H/F=hindlimb and forelimb area. The statistical results for (B) and (0) that are 
summarized in Table 2 are shown here with the statistical comparisons of 
the border of the visual map to the normal map in (A) shown along the top 
near the 5% border, and the statistics of the response maxima indicated 
with the letter M at the bottom of each map. The points lateral to the 
midline at which the statistics are shown in this figure are indicated by 
arrows along the horizontal scale bar at the top of each figures (B) and (D). 
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Figure 3. Gross and microscopical analyses of SMC lesioned rat brains. 
(A) Photograph of a brain from a mature rat that had sustained a unilateral 
SMC lesion (indicated by an asterisk) as a neonate. Scale bar=400µm. 
(8) Photomicrograph of a sagittal section of the lesioned hemisphere of a 
brain from a mature rat that had sustained a unilateral SMC lesion as a 
neonate, showing the extent of the lesion (Kluver stain). The top of the 
figure is the dorsal end of the section and the rostral end is on the left. 
RF=rhinal fissure, LO=lateral orbital cortex, fmi=forceps minor corpus 
callosum, CPu=caudate putamen, Oc2MM=occipital cortex, area 2, 
CA l / CA3=hippocampal fields, DG=dentate gyrus, fi=fimbria 
hippocampus. Scale bar=800µm. 
(C) Photomicrograph of a transverse section of the brainstem at the level 
of the facial nucleus, from a mature rat that had sustained a unilateral SMC 
lesion as a neonate. The atrophic pyramidal tract is on the left (Kluver 
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Figure 4. The outlines of (A) unilateral SMC lesions of seven rats and 
(B) unilateral OC lesions of six rats are shown superimposed. The dashed 




Figure 5. Regression plots for normal (filled circles) and SMC lesioned (open 
circles) rats where the most rostral point of the visual map using ipsilateral 
eye stimulation is plotted against the results obtained using contralateral 
eye stimulation, both methods stimulating the same eye for each rat. For 







































































































Figure 6. Representation of the visual maps of mature rats that had 
sustained unilateral OC lesions as neonates. All results are from the 
unablated hemisphere. (a) Averaged visual map from six rats using 
contralateral eye stimulation, (b) 5% boundaries of the visual maps from 
each of the six OC rats using contralateral eye stimulation, 
(c) averaged visual map of the OC lesioned rats with the outlier result 
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Figure 7. Diagrammatic representations of coronal sections of the OC 
lesioned brain represented by § in figure 6, showing the extent and depth 
of the lesion. The lesion is seen to damage the splenium of the corpus 
callosum. The sections are taken from the caudal part of the brain and are 
960µm apart. h=hippocampus, LV=lateral ventricle, ec=external capsule, 








Figure 8. Sagittal sections of a hemisphere from a normal rat (a and b) and 
the unlesioned hemisphere from an SMC rat (c and d), stained with 
toluidine blue and at 3.0mm lateral to the midline. (b) and (c) are higher 
powers of (a) and (c) respectively at the border between the visual and 
sensory cortices to show the point at which the dense fourth layer of the 
hindlimb sensory area starts. The electrophysiological data obtained at this 
level are also shown for comparison with the histology. The left of the figure 
is caudal and the right rostral. h=hindlimb sensory cortex, f=forelimb sensory 
cortex, Oc l M=occipital cortex, area l, Oc2MM=occipital cortex, area 2, 
Br=bregma, Vl2.2=visual evoked potential recorded with an amplitude 
12.2% that of the maximum response recorded using contralateral eye 
stimulation, HL=hindlimb motor response with microstimulation, NR=no 
response obtained with microstimulation. The scale bar in (a) and (c) is 
l mm and in (b) and (d) 200µm. 
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Figure 9. Diagramatic representations of coronal sections of a rat brain 
taken either at the level of the sensorimotor or visual cortex, and showing a 
corpus callosal fiber running either from the ablated to the unablated 
hemisphere (a), or from the unablated to the ablated hemisphere (b). The 
hatched areas represent the cortical lesions in each case. Damage to the 
cell bodies of callosal fibers running from the ablated to the unablated 
hemisphere would not be different in their effects on the unablated 
hemisphere as seen in (a), as they both lead to destruction of the callosal 
fiber. Fibers running from the unablated to the ablated hemisphere would 
be differentially affected due to the late arriving visual cortical callosal 
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